ABSTRACT: A retrospective review was performed of the results of all allograft reconstructions that had been done after the resection of an osteosarcoma or an Ewing sarcoma in a skeletally immature patient between 1982 and 1989 at The Hospital for Sick Children in Toronto. There were twenty-six patients. Six reconstructions were intercalary, sixteen were resection arthrodeses, three followed resection of a bone segment including the epiphysis (osteoarticular reconstruction), and one was a replacement of the entire humerus. Resection arthrodesis about the knee was performed with a smooth intramedullary rod and with one growth plate left intact. Six procedures were performed in the upper extremity. Excluding the patients who died, the average duration of follow-up was five years and three months. Twenty-one of the twenty-six patients had reached skeletal maturity at the time of follow-up.
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Eighteen (69 per cent) of the patients had a good or excellent result, four (15 per cent) had a fair result, and four had a failure. Twenty patients (77 per cent) had at least one complication (other than a limb-length discrepancy), and fourteen (54 per cent) sustained at least one fracture of the allograft. Fifteen patients who had had a reconstruction in the lower extremity had survived with survival of the allograft at the time of the latest follow-up. A limb-length discrepancy of at least two centimeters developed in nine of the fifteen patients. Five were managed with a contralateral epiphyseodesis, and one of them had an unsuccessful attempt at limb-lengthening as well. The patients who had a limb-length discrepancy of more than three centimeters at the time of follow-up had been significantly younger (p < 0.05) at the time of the reconstruction than those who had a smaller discrepancy.
Three allografts (12 per cent), two of which were implanted early in the series, became infected. Soft-*No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article. No funds were received in support of this study. tDepartment of Orthopaedics. New England Medical Center and Tufts University School of Medicine, Box 306, 750 Washington Street. Boston. Massachusetts 021 11. tissue coverage is of paramount importance for the prevention of infection, and we now routinely perform primary muscle (gastrocnemius or latissimus dorsi) transfers when dealing with an inadequate muscle envelope.
Twelve patients were followed for more than four years (average, six years and seven months); they had no complications other than increased limb-length discrepancy and one subluxation of the shoulder after the first four years following the reconstruction.
Although the rate of complications is higher than in adults, allograft reconstruction remains a useful option for the management of skeletally immature individuals. Its use in the lower extremity should be reserved for patients in whom limb-length inequality can be treated easily.
Advances in adjuvant therapy and operative technique have made limb-sparing operations an attractive option for the treatment of musculoskeletal sarcomas. The use of a massive allograft is one technique for the reconstruction of massive skeletal defects after operative resection".'".", and there have been several reviews of the te~hnique'.'"~'"."'. complications'."". and rate of suc-C e S S~.~7 -~~ of this procedure after resection of tumors.
Primary malignant musculoskeletal tumors often develop in children and adolescents. In a series from the Mayo Clinic, approximately 25 per cent of 1274 osteosarcomas and 40 per cent of 402 Ewing sarcomas occurred in patients who were less than sixteen years old?. Massive allografts have been used in children at least since the early 1980's. Despite this, we know of only a few studies dealing with their use in skeletally immature individuals".".
Massive allografts have been used at The Hospital for Sick Children in Toronto for reconstruction after resection of selected osteosarcomas and Ewing sarcomas since 1982. The purpose of this study was to review the results of this procedure. with specific regard to the rate of complications and of survival of the graft in skeletally immature individuals. allograft after the resection of a high-grade osteosar- Children in Toronto between 1982  and 1989 were identified and their records were reviewed. The minimum duration of follow-up was thus three years. except when a patient had died. Two patients were skeletally mature at the time of the reconstruction and were excluded from this investigation. This left twenty-six patients for the study (Table I) . Before 1985.
therapy consisted of methotrexate with leucovorin rescue, cisplatin, and Adriamycin (doxorubicin). Beginning in 1985, cisplatin and Adriamycin were given before the operation and ifosfamide and etoposide were added postoperatively if the rate of tumor necrosis in the resected specimen was less than 80 per cent. Bone scans, computed tomography scans, and, later in the study period, magnetic resonance imaging scans were performed to stage the lesion and to plan the resection. Good epiphysis (an osteoarticular reconstruction), an intercalary reconstruction, or a resection-arthrodesis reconstruction. A common osteoarticular reconstruction was the replacement of the proximal half of the humerus including the humeral articular portion of the shoulder joint. A common intercalary reconstruction was the replacement of the middle half of the tibial shaft. Fixation was achieved with an intramedullary rod in the resection arthrodeses of the lower extremity and with a single plate in the intercalary reconstructions and in the reconstructions of the upper extremity. When a resection arthrodesis was performed around the knee, either the distal femoral or the proximal tibial growth plate was left intact and the smooth intramedullary rod was placed across the growth plate (Figs. 1-A through 2-H). A smooth intramedullary rod was used in an attempt to allow continued growth from the remaining physis in patients in whom a limb-length discrepancy would otherwise be expected. The length of the allograft was chosen to achieve an appropriate limb length at the end of growth. Lengthening, however, usually was limited to two centimeters by the neurovascular structures. Autologous bone graft from the iliac crest was placed around the host-allograft junction and around as much of the allograft as possible.
Chemotherapy was continued after the patient had recovered from the operative procedure. with the first postoperative course usually given two weeks after the operation. The patients were then followed at least every six weeks for the first six months, every three months for the next year and a half. and every six months thereafter. Medical oncologists evaluated the patients for evidence of metastatic disease at regular intervals. Standard radiographs were made at every follow-up visit, and they were supplemented by orthoroentgenograms, computed tomography scans, bone scans, and magnetic resonance imaging scans as needed. Data from orthoroentgenograms were plotted on the straight-line graph described by Moseley in an attempt to determine relative growth of the treated extremity.
Four patients died during the course of the study, and the information on these patients was obtained from their medical records. The remainder of the patients were seen by us. and radiographically to determine whether the allograft had healed, to measure limb-length discrepancy, and to obtain a gross measurement of functional outcome with a grading system developed at the Massachusetts General Hospital" (with a minor modification regarding patients who had died of the disease). An excellent result meant no local recurrence, normal function, a normal level of activity, no limp or pain. and the ability to engage in athletic activity. A result was considered good if there was no evidence of tumor and the patient was free of pain, could return to normal activities of daily living, but could not participate in athletic activity. A fair result indicated that function and activity were limited. a brace or support was needed, and there was mild or moderate pain. The procedure was considered to have failed if an amputation had been done or the allograft had been removed. The functional outcome for the patients who had died was based on the findings of the last evaluation before death.
Complications were identified from a review of the patients' charts. A complication was considered to have occurred at the time that it was first recognized. Nonunion was arbitrarily defined as a lack of radiographic evidence of healing at the host-allograft junction one year after the operation. Several patients had an epiphyseodesis of the contralateral extremity for correction of a limb-length discrepancy. and this information was also recorded. The status of the disease was determined from a review of bone scans. computed tomography scans of the chest, and clinical findings. The results of pathological analysis of resected allograft specimens were reviewed when available. Data were compared with a two-way Student t test: the alpha value was 0.05.
Results
Twenty-three of the twenty-six patients had a stage-IIB osteosarcoma; two, an Ewing sarcoma: and one. a stage-111 osteosarcoma (Table I ). The patient with the stage-111 osteosarcoma had a solitary pulmonary metastasis that was treated with a wedge resection before the limb-sparing reconstruction was performed. There were seventeen girls and nine boys. Six tumors involved the humerus: eight. the femur; and twelve. the tibia. There were six intercalary grafts, three osteoarticular grafts, sixteen arthrodeses, and one complete humeral replacement with arthrodesis at the shoulder.
The average age was twelve years and six months at the time of the allograft reconstruction. Four patients died, all from complications related to metastatic disease, from ten months to three years and five months after the allograft reconstruction. The remainder of the patients were followed for an average of five years and three months (range, three years and one month to eleven years and two months). Twenty-one of the twenty-six patients had reached skeletal maturity by the time of follow-up.
Eighteen patients (69 per cent) had a good or excellent result, four (15 per cent) had a fair result, and four had a failure. Twenty patients (77 per cent) had at least one complication (other than a limb-length discrepancy), and nineteen (73 per cent) had at least one additional operative procedure. Of the surviving patients who had survival of the allograft. 29 per cent (seven of twentyfour) sustained a complication in the first year after the operation, 39 per cent (nine of twenty-three) did so in the second year, 17 per cent (four of twenty-three) did so in the third year, and two of thirteen did so in the fourth year (Fig. 3) .
Twelve of the patients were followed for more than four years (average, six years and seven months). They had no complications, other than increased limb-length discrepancy and one subluxation of the shoulder, after the first four years following the reconstruction.
Fourteen patients (54 per cent) sustained at least one fracture of the allograft. One of the fractures was the result of substantial trauma in a motor-vehicle accident. The average time to the first fracture was one year and eight months. The first fractures were treated with Bone scan made one year and nine months after the operation. Although this scan was made with a technique that was slightly different from that used for Fig. 2-C. there is some uptake in the region of the allograft. There continues to be uptake in the proximal tibial growth plate. Some of the uptake in the distal part of the femur may be related to the fracture of the allograft. VOL.. 77-A. NO. I. JANLJARY 199. 5 an autologous bone graft and supplemental internal fixation in all but one patient, in whom a fracture of a tibial graft healed after immobilization.
Two patients sustained two fractures and one, three fractures. Histological specimens, consisting of curetted material from the allograft, were available from a site distant from the fracture in five of the patients who had had an operation because of the fracture. Four of the specimens showed living bone within a framework of necrotic bone. In the fifth specimen, only necrotic bone was seen.
Four patients (15 per cent) had a non-union. The non-unions were treated with supplemental autologous bone graft, and all healed within one year after this procedure. The allograft later fractured in two of these patients.
The allograft became infected in three patients (12 per cent). and two of them had an amputation. The third patient had a resection of the allograft: a reconstruction was planned, but the patient died of metastatic disease before it could be performed. Two of these patients were operated on early in the series: in fact, an infection developed in two of the first three patients to be managed. In the third patient. the infection developed after operative treatment of a fracture of the allograft.
A patient who had an osteosarcoma of the humerus and who had a fracture at one year that was treated with a bone graft and internal fixation subsequently had a subluxation of the shoulder at five years and four months. This patient had an arthrodesis of the shoulder.
One tumor. a proximal humeral osteosarcoma, recurred locally. At the time of the initial resection, the tumor had been found to be in close proximity to the radial nerve. The decision had been made to preserve the nerve. and both analysis of a frozen section during the operative procedure and routine histological examination of the resected specimen showed no evidence of tumor at the radial nerve margin. A local recurrence and a solitary spinal metastasis were discovered at the same time. The local recurrence was treated with a modified forequarter amputation. and the spinal metastasis was treated with resection. Histological examination showed the recurrent tumor to be in the radial nerve bed. The patient was free of disease three years and three months after resection of the recurred and metastatic tumors. Fifteen patients who had had a reconstruction of the lower extremity survived, with the allograft intact. to the time of the latest follow-up. Nine of them had at least two centimeters of limb-length discrepancy, which was treated operatively in five. Operative treatment was offered if the discrepancy was predicted to be more than two centimeters at maturity. An epiphyseodesis of the contralateral extremity was recommended when serial orthoroentgenograms showed a progressive discrepancy. An epiphyseodesis of one or two growth plates of the contralateral extremity was performed in four patients, and one patient was managed with a Wagner-type limb-lengthening through a region of native bone as well as with a contralateral distal femoral and proximal tibial epiphyseodesis. The lengthening was limited by a peroneal nerve palsy. and the patient was left with a residual six centimeters of discrepancy.
FIG. 2-F
Anteroposterior and oblique radiographs. made three years and ten months after the operation. showing a fracture of the allograft.
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Previous studies have shown good short-term results in skeletally immature patients. Kohler et al. followed ten children for an average of twenty-two months and found the results to be satisfactory over-all. Gebhardt et al. reported that, of thirty-one patients managed with an allograft because of osteosarcoma when they were less than eighteen years old, seventeen (55 per cent) had a good or excellent result, twelve (39 per cent) had a failure, and three (10 per cent) had a fracture at an average of two years and one month after the procedure. However, the follow-up was short in both of these series; the complications that we reported often occurred several years after the allograft reconstruction. Dubousset' found late deterioration of the allograft in a group of children managed with allograft reconstruction, and his experience was one of the reasons why we reviewed the records of our patients. In our patients, the complications other than limb-length discrepancy and one subluxation of the shoulder occurred within four years after the operation.
We modified the clinical rating system of the Massachusetts General Hospital", with regard to patients who had died of metastatic disease: instead of rating the results in these patients as failures, we used the rating at the last evaluation before death. There is a large body of evidence that limb-sparing operations with wide resection of the tumor do not lead to a higher rate of metastatic disease than does amputation. It is highly Allograft reconstruction is used less freauentlv than 
Years since the operation
The rate of complications (fracture. infection, non-union, and recurrence), each year after the operative reconstruction, in the surviving patients who had survival of the allograft. There were no complications in the group in which the allograft had survived for five years after the operation.
unlikely that the use of a massive allograft in these patients resulted in metastatic disease. As the primary purpose of the study was to evaluate the outcome of reconstruction with a massive allograft in skeletally immature individuals. we thought that our modification of the rating system was appropriate.
The rate of fracture in our series is higher than the 16 per cent rate (forty-three of 274) reported in a study of allografts used for the treatment of musculoskeletal tumors in all age-groups'. Histological analysis of specimens of the allografts taken at the time of treatment of the fracture in several of our patients suggested that revascularization was taking place. Skeletally immature individuals may have a higher rate of allograft revascularization. with associated resorption and remodeling of bone, than that found in retrieval and biopsy studies of allografts in adults"". This revascularization could compromise the mechanical integrity of the graft. In addition, children and adolescents are likely to place high functional demands on the graft. In our series. a fracture subsequently developed in two of the four patients who had a non-union. This finding is in agreement with the association of allograft fracture and non-union found by Berrey et al.
The rate of infection in our study was higher than the 5 per cent (thirteen of 287) found by Tomford et al. in a review of large allografts used for the treatment of tumors. However, the rate in our series was similar to the rates in two other series"" Lord et al. found a 12 per cent rate (thirty-three of 283) after the treatment of malignant tumors, and Gebhardt et al. reported a 30 per cent rate (sixteen of fifty-three) after the treatment of osteosarcomas in patients who were less than thirty years old. Immunosuppression from adjuvant chemotherapy and the loss of a soft-tissue envelope probably contribute to a high rate of infection. Two of the three infections in our series developed in the patients who were managed early in the study period. indicating that there was a learning curve. Soft-tissue coverage of the allograft is of paramount importance for the prevention of infection. and we now routinely perform primary muscle (gastrocneniius or latissinius dol-si) transfers when dealing with an inadequate niusclc envelope.
The tumor recurred in one patient in our scrics. The recurrence was most likely due to an error in judgment at the time of the initial resection. In preserving the radial nerve. the surgeon performed the resection in close proximity to the tumor. Although histological analysis of specimens from the nii~rgins revealed no evidence of malignancy. the tumor recurred in the area of the radial nerve bed. This clearly denionstrates the importance of adequate operative margins. as planned with preopcrative three-dimensional imaging studies.
Limb-length discrepancy is a major concern in reconstruction of a lower extremity. In our study. eight of the fifteen patients in whom the lower-extremity allograft had survived at the time of follow-up had three centimeters of discrepancy or less. When we performed a resection arthrodesis. we planned to leave the lower extremity two centimeters short at skeletal maturity. An attempt was made to leave a functioning growth plate around the knee, but its function was unpredictable. It should be possible to correct for a limb-length discrcpancy by lengthening of the involved limb through a region of native bone. Our single attempt at this. with use of the Wagner technique. was limited by a pcroneal nerve palsy. Perhaps we would have had better success using modern lengthening techniques.
An attempt was made to plot the growth of both the treated and the untreated linibs o n a Moselcy plot. The data from the untreated linibs did n o t fit the straight line of the plot. with growth often slowing after the operative procedure and during the period of cliemotherapy and then continuing past the predicted time of maturity. This variability is in agreement with the data of Glasscr et al.. who found growth to be unpredictable in patients being managed ~vith chemotherapy. We could not use the Moseley technique to determine relative growth of the treated extremity. Harris growtharrest lines were seen in all of the preserved growth plates around the knee. suggesting some growth of the intact physis.
The patients who had more than three centimeters of limb-length discrep:incy had been significantly younger at the time of the allograft reconstruction than those who had less discrepancy. Lengthening of the limb at the time of the reconstruction is limited by the neurovascular structures. growth of the remaining physeal plate in the involved limb is unpredictable. and growth during chemotherapy'" is variable. Because of these factors. the children who had more growth remaining had a larger discrepancy. despite epipliyseodesis o f the contralateral extremity.
No complications othcr than increased limb-length discrepancy and one subluxation of the shoulder devel-reported on thirty-one patients who had been manoped more than five years after the operation. By this aged with an expandable prosthesis; five subsequently time, the radiographic appearance of the allograft bone had a revision because of loosening and two had one had become indistinguishable from that of the host bone because of infection. Only seven of the thirty-one paand uptake on the bone scan had become more uni-tients needed lengthening of the prosthesis. Of the nineform. We have not seen late deterioration of an allo-teen patients who had a reconstruction of the lower graft. Histological analysis of specimens taken from extremity and had been followed for at least two years. allografts at operations for fractures suggested that the twelve had a good or excellent result. A major concern allograft undergoes early revascularization, which is as-with the use of prostheses in young individuals is the sociated with a higher prevalence of fracture. Clinical high potential for failure of the implant. Longer followfindings suggested that this revascularization is followed up is required to assess the risk of failure. by achievement of a steady state, without deterioration Radiation therapy increases the risk of secondary of the allograft. ~arcoma?~. Other types of limb-sparing treatment that are used Allograft reconstruction is associated with a higher in skeletally immature individuals include rotationplasty, rate of complications in children than in adults. Despite arthroplasty with an expandable prosthesis. and radia-this, it remains a useful option for the treatment of mation therapy. Rotationplasty is a biological reconstruc-lignant musculoskeletal tumors in children and adolestion. but its disadvantage is that a prosthesis is required. cents. It is more useful in the upper extremity, the length Gottsauner-Wolf et al. reported the results of rota-of which at maturity is not as great a concern. Its use in tionplasty in seventy patients, thirty-four (49 per cent) of the lower extremity should be limited to patients in whom were less than sixteen years old at the time of the whom a limb-length inequality could be treated with a operation. and they found four pseudarthroses, six in-contralateral epiphyseodesis or perhaps with an ipsilatstances of ischemia, and eight late fractures. Limb-length era1 limb-lengthening. Alternative techniques, such as discrepancy was not specifically addressed. but severe rotationplasty, should be used for patients who have discrepancy can be avoided by careful preoperative plan-substantial growth remaining. We currently advise chilning and prosthetic m~dification'~.
dren who are to have an allograft reconstruction that The advantage of expandable prostheses is that they will probably need at least one additional operative they can be lengthened as the child grows. Kenan et al. procedure.
